Hypercholesterolemia is a primary cause of atherosclerosis and subsequent cardiovascular events. Genetic factors play a major role in regulation of plasma cholesterol levels, with heritability estimated to range from 40 to 70% [reviewed in ( 1 )]. Over 100 genomic regions have been associated with changes in plasma lipid levels ( 2-5 ). Despite the large number of putative candidate genes identifi ed, the functions of many remain largely unknown, owing in part to the lack of physiologically relevant in vivo models with which to validate and characterize the functionality of associated variants ( 3, 4, 6-13 ). Development of novel models in which genes can be individually targeted will likely reveal functional roles for genetic determinants of blood lipid levels and may facilitate discovery of novel targets for drug development.
To determine the nucleotides excised by the ldlr SB MO, PCR product generated using the same primers was sequenced using an Applied Biosystems model 3730XL 96-capillary high-throughput sequencer.
The ldlr normal and mutant (SB) cloning and transcript expression
Both the wild-type and aberrantly spliced ldlr transcripts were isolated from cDNA generated from zebrafi sh control and ldlr SB embryo homogenates, respectively. The open reading frame of each was amplifi ed by PCR using the following primers: ldlr _ gene_F, 5'-ATGGAGATCTCATTCATGCTTTTA-3'; ldlr _gene_R, 5'-TCATACCTGAGGGTAAAAATAGC-3'.
Products were gel-purifi ed (QIAquick gel extraction kit) and cloned into the pCR2.1-TOPO TA vector (Life Technologies). Proper transcript length and sequence were confi rmed via DNA sequencing. mRNA was transcribed from each construct using the mMESSAGE mMACHINE T7 transcription kit (Ambion) after linearization with Sac I. The ldlr mRNA was injected into embryos either alone or along with 5 ng ldlr SB MO.
Diets and feeding
Larvae (5 dpf) were fed either control diet (CD) [Zeigler AP100 (Aquatic Habitats, Inc.) + 10 g/g BODIPY 576/589 C11 (Molecular Probes, Inc.)] or the same diet supplemented with 4% w/w cholesterol (HCD), as previously described ( 35 ) . Diets were replaced twice daily until 7 dpf (48 h of feeding) or until 12 dpf (7 days of feeding).
LDL/VLDL cholesterol quantifi cation
LDL-c levels were quantifi ed from whole embryo homogenates consisting of 100 embryos per diet group homogenized in 400 l of ice-cold 10 M butylated hydroxytoluene. Homogenate was fi ltered through a 0.45 m Dura PVDF membrane fi lter (Millipore) in preparation for lipid extraction and processed using the HDL and LDL/VLDL cholesterol assay kit (Cell Biolabs, Inc.) as per the manufacturer's protocol. After precipitation and dilution, samples were analyzed by fl uorimetric analysis using a SpectraMax Gemini EM plate reader and SoftMax Pro microplate data acquisition and analysis software (Molecular Devices). Experiments were repeated at least three times. Values obtained by fl uorimetric analysis were calculated relative to total protein concentration. Total protein was isolated from homogenates of 100 embryos in microcentrifuge tubes placed on ice after aspiration of embryo media and replacement with 500 l cold RIPA buffer [150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl (pH 7.5), 1% NP-40] containing 1:100 protease inhibitor cocktail (Sigma P8340). After homogenization, tubes were rotated for 10 min at 4°C, then centrifuged at 12,000 g at 4°C for 10 min. Supernatant (20 l) was transferred to a fresh tube and the protein concentration was quantifi ed by BCA protein assay (Sigma C2284 and B9643).
Vascular lipid accumulation imaging and quantifi cation
CD-or HCD-fed larvae were immobilized at 7 or 12 dpf by placement in one drop of 0.02% tricaine (Sigma-Aldrich) diluted in water on a glass depression microscope slide. Larvae were imaged at 20× magnifi cation using an Olympus IX50 epifl uorescent inverted microscope and cellSens Dimension software. The total number of BODIPY 576/589 C11-positive plaques was quantifi ed in a 438.6 × 330.2 m window along the caudal vein for a minimum of 25 larvae per MO per diet, as per published protocols ( 35, 42 ) .
Quantitative RT-PCR
cDNA derived from mRNA isolated from pooled embryos (n = 20) of either ldlr SB or control morphants at 1-10 dpf were of candidate genes. This is particularly useful in light of the recent development of a zebrafi sh model for diet-induced hypercholesterolemia characterized by elevated LDL cholesterol (LDL-c) levels and accumulation of vascular lipid deposits in larvae ( 35 ) . A genetic model of hypercholesterolemia in zebrafi sh has not previously been reported, however. Here, we report the expansion of the zebrafi sh hypercholesterolemia model to include hypercholesterolemia as a result of genetic manipulation. The LDLR plays a well-understood role in LDL endocytosis, and mutations in the LDLRencoding gene ( LDLR ) are associated with elevated plasma LDL-c levels and familial hypercholesterolemia (36) (37) (38) (39) (40) . Our results demonstrate the feasibility of the zebrafi sh model through transient knockdown of the zebrafi sh homolog of LDLR, ldlr , by morpholino (MO), which resulted in hypercholesterolemia. These effects were signifi cantly exacerbated when compounded with a high cholesterol diet (HCD) and were ameliorated by exogenous treatment with atorvastatin. Finally, we provide evidence that elevated LDL-c in ldlr-defi cient larvae results in vascular and liver lipid accumulation, vascular leakage, increased plaque oxidation, macrophage recruitment, and hepatomegaly in larvae. Taken together, these data indicate conservation of ldlr function in zebrafi sh and support the use of this model to investigate genetic mechanisms of hypercholesterolemia.
MATERIALS AND METHODS

Zebrafi sh husbandry and embryo culture
Embryos were collected from natural matings of adult wildtype Tubingen zebrafi sh stocks maintained at 28.5°C. Embryos were cultured in embryo medium ( 41 ) at 28.5°C until harvesting at time points between 1 and 12 days postfertilization (dpf). All zebrafi sh procedures were approved by the University of Maryland Animal Care and Use Committee (protocol 0313013).
MO injection and validation
A splice-blocking (SB) MO (Gene Tools, LLC) was designed (5 ′ -AGATCACATTTCATTTCTTACAGCA-3 ′ ) to target the intron 4-exon 4 splice junction of zebrafi sh ldlr . A translation-blocking (TB) MO was also used (5 ′ -GATCTCCATAGTCTCTAAGCGA-GCT-3 ′ ) to inhibit translation of zebrafi sh ldlr . Five nanograms of ldlr SB or TB MO, diluted in nuclease-free (DEPC-free) water containing 0.1% phenol red, was injected into one-or two-cell stage embryos. Five nanograms of nonspecifi c standard control MO (5 ′ -CCTCTTACCTCAGTTACAATTTATA-3 ′ ) was used for control embryos. Embryos were injected with each MO and cultured at 28.5°C. Approximately 4,000 viable embryos were collected per MO per experiment for use in subsequent assays.
To validate disruption of splicing and removal of ldlr exon 4, cDNA was generated from ldlr (SB) and control morphants by isolation of whole embryo RNA and subsequent reverse transcription (RevertAid First Strand cDNA synthesis kit, Thermo Scientifi c) at each day of development starting at 24 h postfertilization (hpf) through 10 dpf. A total of 20 embryos were pooled for extraction of RNA at each time point. Experiments were repeated three times. Primers fl anking ldlr exon 4 were designed with the following sequences: ldlr_SB_KD_forward primer, 5'-TGCAGACCCAGTCAGTTCAG-3'; ldlr_SB_KD_reverse primer, 5'-TCCATCTGGTAGCCATCCTC-3 '. were immobilized by placement in one drop of 0.02% tricaine (Sigma-Aldrich) diluted in water on a glass depression microscope slide and imaged using an Olympus IX50 epifl uorescent inverted microscope and cellSens Dimension software. Oxidized lipoprotein (OxLDL) was determined by colocalization of red BODIPY 576/589 and green IK17-eGFP. Experiments were repeated twice to confi rm results and to obtain a total of 20 embryos per treatment.
Macrophage recruitment
HCD-or CD-fed embryos (7 dpf, control and morphant) were fi xed in 10% neutral buffer formalin overnight and washed in PBS three times for 5 min prior to paraffi n-embedding and collection of 10 m thick transverse sections from 10 embryos per treatment group. Slides were washed three times in CitriSolv Hybrid (Decon Labs, Inc.) for 5 min each, followed by rehydration in 100, 95, 70, 50, and 25% ethanol (2 min each). Slides were then washed with PBS (5 min), treated in 0.1% Triton X-100 (5 min), and rewashed in PBS (5 min) prior to blocking (PBST, 1% BSA, 10% FBS) for 1 h at room temperature. Slides were immunostained using anti-human L-plastin (D-16) primary antibody (Santa Cruz Biotechnology sc-16657; 1:50) overnight in a humidity chamber at 4°C followed by two washes in PBS (5 min each) and 1 h incubation with Alexa Fluor® 594 donkey anti-goat IgG secondary antibody (Life Technologies A11058; 1:800), and 10 min counterstaining with DAPI (4′,6-diamidino-2-phenylindole) after two additional PBS washes (5 min each). Sections were imaged using an Olympus IX50 epifl uorescent inverted microscope and cellSens Dimension software. To assess the colocalization of macrophages with cholesterol plaques, coverslips were removed by incubation at Ϫ 20°C (25 min) followed by a PBS wash (5 min) and 10 min incubation with BODIPY 493/503 (Life Technologies; 1 mg/ml). Sections were washed again in PBS (5 min) and reimaged.
Vascular leakage
Larvae (7 dpf) were immobilized by anesthetization with 0.02% tricaine and placed in 0.3% methyl cellulose. Individual larvae were injected in the cardinal vein with 0.5 mg/ml dextran labeled with Alexa Fluor 594 (Life Technologies) as described in Stoletov et al. ( 35 ) followed by a wash with embryo medium and imaging 1 h after dextran injection. The presence of dextran was quantifi ed at 10 m from the caudal vein using ImageJ software. Signal intensity outside the lumen was normalized to signal intensity inside the lumen. Experiments were repeated at least twice.
Statistical analysis
Unless otherwise noted, a Student's t -test was used to determine signifi cance. Bonferroni correction was used to adjust for multiple comparisons (at least four independent experiments in all cases).
RESULTS
MO injection disrupts ldlr expression through early development
Previous reports have demonstrated that zebrafish larvae become hypercholesteremic upon treatment with HCD, exhibiting increased total cholesterol and vascular plaques after 10 days of treatment ( 35, 42, 43 ) . It is unknown, however, if hypercholesteremia in zebrafi sh can result from perturbation of gene expression. In humans, used for quantifi cation of gene expression using SYBR Green I (Roche). Samples and controls/standards were run in triplicates on a Roche LightCycler 480 instrument and mRNA expression levels were quantifi ed relative to ␤ -actin . Experiments were repeated at least three times. Primer sequences are available upon request.
Statin treatment
Embryo medium from CD-or HCD-fed larvae was removed after 24 h of feeding and replaced with atorvastatin-containing medium at a concentration of 50 M (LKT Laboratories). Larvae were cultured at 28.5°C for an additional 24 h and then utilized in subsequent assays.
Oil Red O staining and liver size quantifi cation
Larvae (5 and 7 dpf) were staged and fi xed in 4% paraformaldehyde in PBS and incubated overnight at 4°C. Embryos were subsequently removed from the fi xative and washed in 60% 2-propanol at room temperature; this was followed by a 3 h incubation in freshly fi ltered 0.3% Oil Red O (ORO) (Sigma, O0625) in 60% 2-propanol. To remove background staining prior to imaging, embryos were washed twice with 60% 2-propanol for 10 min and transferred to DEPC-treated water. Embryos were imaged using a Zeiss Lumar.V12 microscope and assessed for lipid density content. The size of the liver for ORO-stained control MOs (n = 20) and ldlr SB MO embryos (n = 20) at 4, 5, and 7 dpf was determined using ImageJ software.
LDLR antibody analysis, Western blot
Protein was extracted from pooled (n = 10) deyolked control MO-, ldlr SB MO-, and ldlr TB MO-injected embryos at 3, 5, and 7 dpf. Embryos were homogenized in 100 l 2× SDS buffer [0.125 M Tris-Cl, 4% SDS, 20% v/v glycerol, 0.2 M DTT, 0.02% bromophenol blue, (pH 6.8)] and 2 l protease inhibitor cocktail (Sigma) using a #23 syringe. PMSF (2 l) was added and samples were then boiled for 5 min, cooled on ice for 5 min, and centrifuged for 3 min at 12,000 g . Ten microliters of each sample and protein ladder (Precision Plus Protein dual color standards #161-0374, Bio-Rad) were separated using 7.5% Criterion Tris-HCD gels (345-0007, Bio-Rad) at 100 V for 1 h. Proteins were transferred using a Criterion blotter (Bio-Rad) at 115 V for 1 h to Immobilon-P transfer membranes (IPVH00010, Millipore). The membranes were placed in blocking buffer for 1 h. The membranes were cut at 50 kDa in order to probe for both Ldlr (>50 kDa) and Actin (<50 kDa). The immunoblotting protocol was performed as follows: a 2 h room temperature incubation of anti-LDLR antibody (Sigma-Aldrich SAB3500286; 1:3,000) was followed by three 5 min washes using PBS/Tween; the secondary antibody, anti-chicken IgY (Sigma-Aldrich A9046; 1:160,000 dilution) was incubated for 2 h at room temperature followed by three PBS/Tween 15 min washes. Actin was detected by incubation with primary antibody (Sigma A2066; 1:3,000) for 2 h followed by secondary polyclonal goat anti-IgG antibody (Jackson ImmunoResearch Laboratories 111-035-003; 1:5,000). Chemiluminescence was enhanced using SuperSignal West Dura extended duration substrate (Thermo Scientifi c) following the manufacturer's protocol, and imaged using Alpha View-Fluor ChemQ software (Alpha Innotech Gel Imaging System for Life Science). effi cacy of disruption of splicing, we also designed primers fl anking the targeted splice junction which would amplify a 953 bp region of the wild-type mature mRNA. We fi rst assessed the ldlr transcript at 1 dpf and found that only one band could be detected at approximately 950 bp in control MO-injected embryos ( Fig. 1A ). An additional band approximately 900 bp in length could also be detected in ldlr SB MO-injected embryos through 8 dpf ( Fig. 1B ) , indicating the presence of an additional shorter transcript.
Identifi cation of oxidized LDL plaques
Targeting of the intron-exon splice junction of exon 4 could produce one of two possible outcomes. The fi rst is exclusion of the entire exon 4 from the mature ldlr transcript as a result of disrupted splicing. However, exon 4 is 378 bp, and a mature mRNA lacking this exon should be 575 bp in length. Given that the PCR amplicon from the additional transcript is approximately 900 bp in length, a loss-of-function mutations in LDLR are responsible for familial hypercholesterolemia ( 44, 45 ) . To explore genetic hypercholesterolemia in zebrafi sh, we investigated the role of the zebrafi sh ldlr homolog ( 27 ) . We fi rst sought to determine the potential relevance of ldlr at larval stages by examining its expression starting at 1 dpf and at each day of development through 10 dpf. Endogenous ldlr could be detected by RT-PCR starting at 1 dpf and continued through 9 dpf ( Fig. 1A ) . Quantifi cation of ldlr transcript in control embryos by quantitative (q)RT-PCR revealed that expression at 1 dpf is low relative to ␤ -actin , but continues to increase and is highly expressed by 9 dpf ( Fig. 1A ) .
To determine a potential effect of loss of ldlr in zebrafish larvae, we targeted ldlr expression by MO injection. We designed a SB MO to target the intron 4-exon 4 splice junction of the unprocessed ldlr mRNA. To determine the Fig. 1 . Expression analysis identifi es an aberrantly-spliced ldlr transcript in ldlr SB morphants. A: RT-PCR and qRT-PCR were performed on control embryos to determine endogenous ldlr expression levels from 1 dpf, at which point expression is low, through 9 dpf, when robust expression could be detected. B: RT-PCR amplifi cation of a 953 bp region of the wild-type mature ldlr mRNA and a shorter (900 bp) aberrantly spliced transcript detectable until 8 dpf. qRT-PCR results from ldlr MO embryos at days 1-10 of development in which reduced expression was detected at days 1-7. * P р 0.001 relative to control after adjustment for multiple testing using Bonferroni correction. C: Sequence analysis of ldlr transcript isolated from MO-injected embryos indicated deletion of 60 nucleotides from exon 4. Orange arrows, forward and reverse ldlr MO knockdown validation primers; purple arrows, qRT-PCR primers to identify normal ldlr transcript; yellow arrows, qRT-PCR primers which span the spliced exon 4-exon 5 junction, used to identify ldlr SB morphant ( Ϫ 60 nt) transcript; green bar, ldlr SB targeted region; green text, ldlr SB MO targeted sequence; blue arrow, cryptic splice site; red text, nucleotides 5 ′ of spliced segment; blue text, nucleotides 3 ′ of splicing event representing the fi rst four bases of exon 5; bold underlined text, deleted sequence by ldlr MO. D: Schematic of the mature ldlr mRNA (above) delineating exons and the corresponding domains (below). Red box indicates the 60 bp deleted region from the R5 ligand binding domain which is composed of seven 40-amino acid residue repeats (R) followed by the epidermal growth factor (EGF) precursor homology domain that contains three EGF-like repeats (A, B, and C in blue circles) and a ␤ -propeller region. 
Increased LDL-c at 7 dpf implied the effi cacy of HCD in raising cholesterol levels, even after a short treatment. We therefore asked whether suppression of ldlr by MO injection could impart similar effects at those stages when the MO is still effective. To test this, we fed control or ldlr morphants with either CD or HCD starting at 5 dpf for 48 h and assayed total LDL-c levels. Similar to uninjected embryos, LDL-c was signifi cantly elevated to 14.6 M in control MO-injected larvae treated with HCD relative to 11.6 M in CD-fed larvae, representing a 26.5% increase ( Fig. 2A ; P < 0.001). Loss of ldlr expression exacerbated this effect. CD-fed ldlr MO-injected larvae exhibited increased LDL-c (13.9 M), a signifi cant increase relative to control morphants, suggesting hypercholesterolemia as a result of depleted ldlr alone ( P < 0.001; Fig. 2A ). The addition of HCD feeding to ldlr morphants resulted in a marked increase in LDL-c to 18.1 M ( P < 0.001; Fig. 2A ).
Atorvastatin ameliorates hypercholesterolemia in zebrafi sh embryos
To further explore the conservation of cholesterol metabolism in zebrafi sh and the potential relevance to human hypercholesterolemia, we assessed a possible role for inhibition of hmgcr in regulation of total LDL-c in zebrafish larvae. In mammals, HMGCR catalyzes the rate-limiting step in de novo cholesterol synthesis and is targeted and inhibited by statins (52) (53) (54) (55) (56) . The zebrafi sh homolog has been identified and mainly explored in the context of its role in migration of cells during development ( 57-61 ), though its potential to mediate cholesterol synthesis has been recently confi rmed ( 62 ) . To assess the possibility of LDL-c reduction by statin administration, we treated control or ldlr SB MO embryos, on either diet, with 50 M
To evaluate this possibility, we sequenced the amplifi ed region of the shorter transcript. Sequence analysis confi rmed the absence of 60 nucleotides at the 3 ′ end of exon 4 in the ldlr SB MO-injected embryos ( Fig. 1C ) . Interestingly, the removed region of the transcript corresponds to a partial loss of repeat region 5 (R5) in the ligand binding domain ( Fig. 1D ) , a domain that is crucial for the function of mammalian LDLR (46) (47) (48) (49) . We characterized the effect of the exonic deletion by assessing the relative abundance of wild-type ldlr transcript in control and morphant embryos using primers that specifi cally detect it ( Fig. 1C ) . At 1-7 dpf, a signifi cant decrease in the level of wild-type ldlr transcript was detected, suggesting that the majority of ldlr transcript is targeted by the MO ( Fig. 1A, B ) .
Increased LDL-c in ldlr morphants
Validation of MO effi cacy through the fi rst 7 days of development and the absence of gross morphological or developmental phenotypes (supplementary Fig. I ) suggested the possibility of assessing other phenotypes beyond 5 dpf, when larvae begin to rely on exogenous sources of nutrients, including lipids, through feeding ( 20, 50, 51 ) . Previous reports have indicated that treatment of 5 dpf larvae with a HCD resulted in elevated total cholesterol after 10 days of feeding, including evidence of increased LDL-c ( 35 ) . To assess whether diet-induced changes in cholesterol could be produced by 7 dpf, we fed 5 dpf uninjected larvae with either CD or HCD twice daily for 2 days and measured LDL-c. LDL-c was signifi cantly increased ( P = 0.001) in HCD-fed larvae relative to CD-fed larvae by 7 dpf (supplementary Fig. II) . Further, to verify the effi cacy of our HCD treatment, we continued feeding until 12 dpf and observed signifi cant ( P < 0.0001) elevation of total Fig. 2 . LDL-c levels are altered in diet-fed and statin-treated morphants. A: LDL-c levels in 7 dpf control MO and ldlr SB MO subjected to either CD or HCD. B: LDL-c levels in CD-and HCD-fed control MO and ldlr SB MO embryos treated with atorvastatin for 24 h. * P р 0.001 relative to control after Bonferroni correction; # P р 0.001 relative to untreated embryos of the same MO injection group. LDL assay homogenates were comprised of 100 pooled embryos. HCD exhibited a very small number of vascular plaques on average, with many embryos exhibiting no observable lipid deposits ( Fig. 3C, E, H ) . This is in contrast with previous reports describing plaque formation by 15 dpf, 10 days after initiation of HCD feeding ( 35 ) . To verify the effi cacy of the HCD treatment in generating vascular lipid accumulation, we extended HCD feeding to 12 dpf. In concordance with previous reports ( 35, 43 ) , uninjected zebrafi sh subjected to either a CD or HCD for eight consecutive days exhibited plaque formation in the caudal vein (supplementary Fig. IIIB) . Larvae fed HCD exhibited an approximate doubling of the average number of plaques, 3.5 plaques compared with 1.8 in CD-fed larvae, indicating the effi cacy of the HCD diet in signifi cantly increasing vascular lipid deposits over an extended period of feeding ( P = 0.002; supplementary Fig. IIIB) .
The resulting lipid accumulation in HCD-fed larvae over several days of feeding validated the presence of more severe phenotypes associated with elevated LDL-c. To determine whether suppression of ldlr expression could result in vascular lipid accumulation in zebrafi sh larvae, we cultured ldlr SB MO-injected embryos until 5 dpf and fed them with either a CD or HCD for 48 h. Strikingly, ldlr morphants fed either diet developed observable lipid deposits by 7 dpf. The ldlr morphant larvae treated with CD exhibited a signifi cant increase in the average number of atorvastatin starting 24 h after initiation of feeding at 5 dpf; embryos were harvested 24 h later at 7 dpf. As expected, ldlr SB MO larvae on CD exhibited a signifi cant increase in LDL-c relative to controls ( Fig. 2B ) . Treatment with atorvastatin, however, signifi cantly reduced this effect by 17.3%. Addition of the HCD also signifi cantly increased LDL-c in both control and ldlr SB morphants, but these effects were reduced by 34.3 and 33.0%, respectively, upon treatment with atorvastatin ( P = 0.01; Fig. 2B ).
Increased vascular lipid accumulation in ldlr morphants
Hypercholesterolemic zebrafi sh larvae are susceptible to other pathogenic phenotypes, including vascular lipid accumulation and associated infl ammation ( 35, 42, 43 ) . Increased LDL-c in ldlr morphants suggests that these animals may be susceptible to similar consequences of increased circulating cholesterol. To test this possibility, we assessed the accumulation of cholesterol in the vasculature of ldlr morphants by supplementing either CD or HCD with cholesteryl BODIPY 576/589 C11, allowing for in vivo observation of cholesterol ( 35 ) .
We imaged a 438.6 m region of the posterior caudal vein where the majority of lipid deposits accumulate in hypercholesterolemic larvae ( 35 ) ( Fig. 3A, B ) and quantifi ed the number of lipid plaques within the imaged region. At 7 dpf, control MO-injected embryos fed either a CD or elevated circulating cholesterol (65) (66) (67) (68) (69) (70) . To assess the response of genes associated with lipid homeostasis, we analyzed transcript levels in ldlr SB morphants. Expression of srebp2 , hmgcr , and abca1 were signifi cantly increased relative to control animals, consistent with mammalian response ( Supplementary Fig. VI) . Interestingly, pcsk9 levels were detected at very low levels in either control or ldlr SB MO-injected larvae, suggesting that this gene may be far less abundant or differentially regulated in zebrafish (supplementary Fig. VI) .
LDL oxidation in ldlr morphants
The infl ammatory response produced by OxLDL is the primary driver of atherosclerotic progression ( 71, 72 ) . To assess the extent of LDL oxidation, we took advantage of a transgenic zebrafi sh line (hsp70:IK17-eGFP) expressing a functional single-chain antibody (scFv) of human IK17, tagged with GFP , under the control of the zebrafi sh hsp70 promoter ( 42 ) . Secreted IK17-eGFP binds to malondialdehyde epitopes on lipid deposits (OxLDL and malondialdehyde-LDL) in the vascular wall and activation of IK17-eGFP expression by heat shock results in the presence of GFP in oxidized plaques ( 42, 73 ) . To determine whether OxLDL was present in the observed lesions in ldlr morphants, we injected MO into hsp70:IK17-eGFP embryos and fed either CD or HCD from 5-7dpf. Heat shock at 5 dpf for 1 h produced visible eGFP expression ( Fig. 4A, B ) . On either diet, we observed a signifi cant increase in colocalization of eGFP with BODIPY-labeled plaques in ldlr SB morphants ( Fig. 4C-G ) .
To detect whether macrophages were recruited to the site of larval vascular lesions, we used a polyclonal antibody against human L-plastin, as previously described ( 35 ) , to label macrophages in histological sections of HCD-fed ldlr morphants. Upon costaining with BODIPY 493/503, which labels neutral and other nonpolar lipids, we observed colocalization of L-plastin with lipid deposits within the vasculature ( Fig. 4H-M ) .
Caudal vein vascular leakage in ldlr SB larvae
Hypercholesterolemia in both mice and zebrafi sh larvae results in the morphological disorganization and permeability of endothelial cells in the blood vessels ( 35, 74 ) . The extent to which HCD affects the barrier function of the disorganized endothelial cell layer in zebrafish can be determined by injection of fl uorescently labeled dextran directly into the circulation and assessment of dextran outside the lumen of the vasculature ( 35, 75 ) . To determine the extent of vascular leakage in ldlr SB morphants fed CD or HCD, we injected ldlr SB morphants intravenously with dextran at 7 dpf and observed leakage outside the caudal vein. The presence of fl uorescent dextran at 10 m from the caudal vein lumen in ldlr SB morphants was approximately 2-fold higher in both CD-and HCD-fed larvae as compared with controls ( Fig. 5A-G ) suggesting disruption of vascular endothelium. Vascular leakage was reduced by 32% in HCD-fed controls and 56% in HCD-fed ldlr SB morphants by treatment with atorvastatin ( Fig. 5G ) . vascular plaques relative to control MO-injected larvae ( P = 0.0006; Fig. 3D, H ) , underscoring the severity of the hypercholesterolemic phenotype driven by loss of ldlr expression. Furthermore, ldlr morphants fed with HCD exhibited a 10-fold increase in the average number of vascular deposits relative to control embryos fed the same diet for the same period of time ( P < 0.0001; Fig. 3F-H ) . We also assessed the effect of atorvastatin on plaque formation in ldlr SB morphants and found that in both CD-fed and HCD-fed ldlr SB morphants treatment with atorvastatin resulted in a signifi cant decrease in plaque formation compared with their untreated counterparts ( Fig. 3I ) . Taken together, these fi ndings suggest that reduced ldlr expression results in more rapid and more severe onset of vascular lesions than those produced by diet alone.
Validation of ldlr MO effects
Our observations suggest that depletion of ldlr activity resulted in hypercholesterolemia and accumulation of vascular lipid deposits. We sought to validate that these defects were due to loss of ldlr specifi cally through two lines of evidence. First, we injected a second ldlr MO designed to disrupt translation of the protein ( ldlr TB MO). Upon treatment with either diet, we observed increasing LDL-c levels as MO concentration increased, consistent with a dose-response and similar to ldlr SB MO (supplementary Fig. IVA) . To verify the TB effects of the ldlr TB MO, we quantifi ed Ldlr protein by Western blot. We observed a signifi cant decrease in Ldlr through 7 dpf (supplementary Fig. IVB, C) .
We next asked whether we could rescue the MO defects by coinjecting wild-type ldlr mRNA. Full-length wild-type ldlr open reading frame (ORF) was amplifi ed from whole embryo cDNA and cloned into an expression vector for in vitro transcription . We coinjected wild-type ldlr mRNA with the ldlr SB MO and assessed plaque formation as well as LDL-c levels. We found that, whereas ldlr SB MO alone produced a signifi cant increase in plaques and LDL-c, coinjection of ldlr mRNA reduced levels of both to be statistically indistinguishable from control MO (supplementary Fig. VA, B) . Similarly, coinjection of wild-type mRNA rescued plaque formation and LDL-c in animals given HCD (supplementary Fig. VA, B) . To verify that the 60 bp deletion produced by ldlr SB MO is deleterious, we generated ldlr mRNA harboring the deletion. Coinjection of this mRNA with the MO did not rescue LDL-c or plaque formation, supporting the loss of function imparted by the deletion (supplementary Fig. VA, B) .
Expression of genes involved in cholesterol metabolism is perturbed in ldlr morphants
Several major genes regulate the expression of ldlr , thereby controlling lipid homeostasis in response to low intracellular cholesterol. These include Srebp2 , which preferentially regulates cholesterol biosynthesis and uptake via transcriptional activation of Hmgcr and Ldlr ( 63, 64 ) . Furthermore, expression of genes associated with HDL-c and removal of excess cholesterol is increased in response to 
DISCUSSION
Loss-of-function mutations in LDLR are associated with hypercholesterolemia in humans and mice. Although ldlr has been identifi ed in the zebrafi sh genome ( 27 ) and has an amino acid sequence identity to human LDLR of 56%, its manipulation to produce hypercholesteremia has not been demonstrated in zebrafi sh. Here, we report a model of elevated LDL-c as a result of depletion of zebrafi sh ldlr . Using transient knockdown by MO injection, we found that ldlr expression was suppressed through the fi rst 8 days of development. This extended depletion of expression allowed for assessment of cholesterol phenotypes through development, including at and after stages when larvae begin exogenous feeding. Similar to mammalian models,
Increased liver lipid accumulation and hepatomegaly in ldlr morphants
Ldlr Ϫ / Ϫ mice, or those fed with diets high in cholesterol, exhibit accumulation of hepatic lipids ( 76, 77 ) . To determine whether this was also true in zebrafi sh, we stained ldlr morphants using ORO. At 5 dpf, ldlr SB morphants exhibit hepatomegaly and increased accumulation of lipids in the liver, as compared with control MO larvae (supplementary Fig. VIIA-I ). Liver size was also signifi cantly increased in ldlr morphants after 48 h of either CD or HCD feeding (supplementary Fig. VIIB-F, I ). Hepatic lipid content was signifi cantly increased in ldlr morphants treated with CD (supplementary Fig. VIIB, E) , though both controls and morphants accumulated hepatic lipid content when fed HCD (supplementary Fig. VIIC, F) . conserved role for Ldlr in zebrafi sh which is consistent with other studies that have identifi ed conservation of factors involved in lipid transport, such as caveolins, nuclear pore complex (NPC) proteins, and apolipoproteins ( 9, 33, 80 ) . Indeed, the ortholog of the apoE protein, which LDLR recognizes on the surface VLDL/chylomicron particles ( 81, 82 ) , has been identifi ed and characterized in zebrafi sh ( 9 ) . Though we did not investigate the extent to which Ldlr-apolipoprotein interaction was disrupted in our morphants, sequence confi rmation of the partial removal of a ligand binding region of the receptor suggests a likely mechanism by which the MO disrupts Ldlr function. The exon targeted for deletion, exon 4, encompasses the ligand binding regions LR3-5, which are essential for mediating the interaction with lipoproteins ( 40, 49 ) . Our MO resulted in removal of part of the R5 ligand binding domain which is essential for both apoB-100-mediated LDL binding and apoE-mediated lipoprotein binding ( 46, 48, 49, 83 ) . Interestingly, over 50 mutations have been identifi ed in familial hypercholesterolemia within this region of the human LDLR gene ( 40, (84) (85) (86) (87) .
Our study also suggests a conserved role for pathways that mediate Ldlr availability and cholesterol homeostasis, namely those mediated by srebp2 . Though pcsk9 expression was very low in either control or morphant larvae, its we observed signifi cantly elevated levels of LDL-c in larvae fed a CD, this effect was exacerbated by feeding of a HCD. Hypercholesterolemia was alleviated by treatment of larvae with atorvastatin. Furthermore, increased LDL-c was accompanied by changes in expression of genes regulating cholesterol homeostasis, srebp2 , hmgcr , and abca1 , vascular leakage, and hepatomegaly, as well as hepatic and vascular accumulation of oxidized cholesterol and macrophage infi ltration. These fi ndings suggest the conservation of Ldlr function in zebrafi sh, as well as conservation of pathways mediating both LDL-and HDL-c metabolism. Taken together, our data suggest the use of zebrafi sh as a model to investigate the functional relevance of genes to the regulation of LDL-c. Furthermore, our demonstration of the effi cacy of transient knockdown in production of these phenotypes suggests the potential utility of this model for large-scale genetic investigation.
The relatively quick accumulation of LDL-c in larval zebrafi sh is in contrast with that observed in the mouse Ldlr knockout, in which plaques do not accumulate until approximately 3 months after introduction of increased dietary cholesterol ( 78, 79 ) . The rapidity with which these changes occur may further broaden the appeal of using the zebrafi sh model to study the causes and consequences of hyperlipidemia. Furthermore, our fi ndings suggest a expression was slightly decreased, though not signifi cantly, in morphants. This suggests a possible differential mechanism of pcsk9 regulation in zebrafi sh, though that remains to be determined. Increased expression of srebp2 and hmgcr , however, implicate their responsiveness to intracellular LDL similar to the mammalian system ( 88 ) . Increased circulating LDL-c as a result of impaired Ldlr function likely results in low intracellular levels of LDL, which in turn activate srebp2 aimed at producing more LDLRs to increase uptake and more hmgcr to increase cholesterol synthesis [reviewed in ( 63, 89 ) ]. Consistent with this, we observed increased expression of srebp2 and hmgcr in ldlr morphants. This would potentially correlate with increased transcription of ldlr , though additional transcripts would likely continue to be targeted by the MO in our model. The yolk plays a critical role in lipid metabolism in early development ( 8, 50 ) and it is diffi cult to differentiate between changes that might affect the yolk, thereby affecting lipid traits in the embryo, compared with changes specifi c to experimental manipulation. It is important to note that, although we detected expression of ldlr at earlier stages when the yolk was still present, we did not assay cholesterol levels or induce dietary manipulations until after the stage at which the yolk was depleted and larvae began to feed.
Though CVD is a leading cause of death, relatively little is known about the contribution of genetic factors in common forms of the disease. In fact, over 100 genetic loci have been associated with cholesterol levels ( 2, 3 ), but the association signals often encompass multiple genes and the causal gene for each signal is not always clear. As our results demonstrate, larval zebrafi sh may offer a powerful tool both to validate the functional relevance of associated loci and to identify novel candidate genes. The combination of dietary manipulation ( 35 ) and genetic manipulation provides a robust platform with which to investigate multiple aspects of lipid metabolism and transport. Furthermore, the identifi cation of pathogenic complications, including vascular lipid accumulation, oxidation, and macrophage infi ltration ( 35, 42, 43 ) , as well as obstruction of blood fl ow observed in our morphants (data not shown), suggests the utility of this model in understanding the progression of CVD.
